The Fmr1 knockout (KO) mouse has commonly been used to investigate communication impairments, one of the key diagnostic symptoms observed in Fragile X syndrome (FXS) and Autism spectrum disorder (ASD). Many studies have found alterations in ultrasonic vocalizations (USVs) in neonatal Fmr1 KO mice, however, there is limited research investigating whether these deficits continue into adulthood. In the present study, we examine differences in female urine-induced ultrasonic vocalizations, scent marking behavior, odor discrimination, and open field activity in adult male Fmr1 KO and wildtype (WT) mice. Overall, we found extensive alterations between genotypes in both spectral and temporal properties of ultrasonic vocalizations. There was no difference in the average number of calls emitted by both genotypes, however, Fmr1 KO mice emitted calls of a higher frequency, decreased amplitude, and shorter duration than WT mice. Spectrographic analyses revealed statistically significant differences between genotypes in the types of calls emitted. Contrastingly, we found no differences in scent marking behavior, a form of social communication, or in odor discrimination and activity levels of the mice. The results corroborate previous studies emphasizing the importance of qualitative differences observed in vocalization behavior of Fmr1 KO mice, rather than quantitative measurements such as number of calls emitted. Overall, the study confirms the presence of abnormalities in vocalization behavior in adult Fmr1 KO mice that we believe are consistent with communication deficits seen in the syndrome.
Introduction
Fragile X syndrome (FXS), an X-linked neurodevelopmental disorder, is the most common heritable cause of intellectual disability [1] . It is characterized by expansion of a CGG repeat in the 5′ untranslated region of the fragile X mental retardation gene (FMR1) [2, 3] . This expansion ultimately results in silencing of the gene leading to an absence of fragile X mental retardation protein (FMRP) [4, 5] . Deficiency of FMRP can lead to intellectual disability, behavioral and social deficits, as well as altered communicative abilities exhibited by FXS patients [6, 5] .
Previous research has found those with FXS to have substantial impairments in conversational speech, including poor topic maintenance, run-on sentences, and disorganized speech [7, 8] . In addition, conversations are often affected by impairments in sociability and anxiety, such as inappropriate eye contact with others and gaze aversion [9, 10] . Individuals with FXS also demonstrate difficulty with pragmatic skills, such as perseveration of words, sentences, or topics, which may be reflective of a type of stereotypic behavior commonly seen in the syndrome [11, 12] . Furthermore, individuals with FXS have a tendency to speak in short bursts, produce stuttering-like repetition of sounds, and have variability in rate of speech [13, 14] . Overall, those affected by FXS exhibit altered communicative abilities that could potentially have a negative effect on their cognition, sociability, and quality of life.
The investigation of ultrasonic vocalization (USV) deficits has been previously explored in various mouse models of neurological diseases, both in early development from postnatal day (PD) 2-14 [15] [16] [17] [18] [19] and in adulthood ranging from PD60 to 120 [20, 21, 18] . Mouse pups begin emitting USVs shortly after birth and continue, although at a reduced rate, throughout adulthood in response to specific situations. In neonatal mice, they are known to occur between frequencies of 30-90 kHz and are elicited from mice upon separation from the nest, dam, or littermates [22, 23] . Numerous studies have found examinations of USVs in FXS and Autism Spectrum Disorder (ASD) mouse models to be an important parameter when investigating social communication in mouse pups, however, there have been few studies exploring USVs in adult mouse models [15] [16] [17] 24, 25] . USVs in adult mice have been investigated in various mating and courtship paradigms, social encounters and intruder settings, and in response to urine of female mice [23, 26] .
The few studies examining adult USVs in FXS focus mainly on courtship behavior [20, 21] . Rotschafer et al. [21] found the number of USVs in adult male Fmr1 KO mice to be reduced compared to wild type (WT) controls in a mating paradigm [21] . However, this study recorded USVs with both male and female mice present in the chamber. This makes it difficult to determine whether analyzed USVs consisted of solely male vocalization patterns and that the presence of a female did not confound results. In a separate study, investigators used a different courtship paradigm to induce USVs and found no difference in the number of USVs emitted by adult male Fmr1 KO mice, but found an increase in "u" syllables, while WT littermates vocalized "h" syllables more often [20] . While the functional importance of specific syllables based on frequency and complex patterns is currently unknown, they are organized into phrases that are thought to resemble repetitive speech patterns typically found in those with the syndrome. This study removed females prior to recording, however, one caveat to both of these studies is that USVs are induced via direct exposure to the female mice. Call production has shown to be at its peak during initial exploratory activity in response to the female, thus a more ideal method would have female urine present for the entire testing period [25] . Urine from female mice has found to be sufficient to elicit USVs in male mice without the presence of the female [27] .
Investigation of USV deficits, along with social behavior, by examination of male USVs in response to female urine allows calls to be directly attributed to the male and for consistent pheromone exposure throughout the paradigm. In addition, urine-induced vocalization behavior is highly dependent on previous social interaction and social status in mice [28] [29] [30] 23] . Wohr et al. [18, 25] found that adult BTBR T + tf/J mice, another mouse model of autism, emitted minimal USVs and scent markings in response to female urine compared to WT mice [25] . Scent markings are urinary pheromone traces deposited in strategic areas that act as an additional mode of communication. They can be produced by mice in a variety of situations, including to attract partners, demarcate territories, and recognize the reproductive state of potential mates [31] . This additional social communicative behavior has not yet been examined in Fmr1 KO mice.
Further investigation of the communicative behavior of adult male Fmr1 KO mice is critical in order to gain a comprehensive understanding of specific call types emitted in the context of mating. While there is evidence of alterations of USVs in postnatal Fmr1 KO mice, few studies have examined vocalization behavior in FXS adult mice. In the present study, we investigate differences in female urine-induced USVs of male Fmr1 KO mice compared to WT mice. Spectrographic analyses were conducted on USVs to examine both spectral and temporal variability between the calls of Fmr1 KO and WT mice. We also examined scent marking behavior to determine whether Fmr1 KO mice differ in how they use olfactory communicative signaling to attract mates and assert their dominance [32] . In addition, we tested overall activity levels of the mice during USV recording to identify whether hyperactivity effected vocalization behavior, as well as tested odor discrimination abilities to confirm the absence of any underlying olfactory differences. We hypothesized that Fmr1 KO mice will exhibit altered vocalization patterns compared to WT mice, including specific call types that may be reflective of repetitive behavioral tendencies characteristic of Fragile X syndrome. We postulate that both groups of mice will produce a similar amount of scent markings. We also hypothesize Fmr1 KO mice to exhibit hyperactivity in the open field and similar odor discriminatory abilities as WT mice. Prior to vocalization recording, male subject mice were introduced to female mice of the same FVB/NJ strain in order to control for history of social experience. One male Fmr1 KO or WT mouse was placed with a female Fmr1 WT mouse of similar age in a clean polycarbonate cage with bedding for 5 min, one week prior to testing. Males were not allowed to attempt copulation with females during the 5 min female exposure.The female mice were not littermates with the male subject mice.
Materials and methods

Animals and housing
Urine collection
Female urine was obtained from the Fmr1 WT mice in estrous that testing mice were previously exposed to. In order to coordinate estrous cycles of 2-4 female mice housed together, bedding from a male FVB/ NJ cage was placed in a cage of females. Estrous cycles of female mice were then visually inspected and tracked daily. A female was considered in estrous when the vaginal area was red, inflamed, and open [33] . To elicit urine dissemination from the donor female, the mouse was removed from its cage and gently stroked in an anterior to posterior direction on its abdomen. Urine was collected in a 1.7 ml Eppendorf tube. Immediately prior to testing, we used a pipette to transfer 20ul of fresh female urine onto the center of a piece of Strathmore paper (Strathmore Drawing Paper Premium, recycled, microperforated, 400 series; Strathmore Artist Papers, Neenah, WI, USA) able to effectively absorb drops of mouse urine which lined the bottom of the testing chamber.
Test procedure
Before testing, mice were weighed and allowed to habituate in the testing room for 30 min. Ultrasonic vocalization recordings, scent markings, and open field activity were simultaneously recorded for each subject mouse for 5 min. Mice were individually placed in an acrylic, sound-attenuating chamber (40 cm × 40 cm × 30 cm) in an isolated room controlled for temperature, light levels, and background noise. Urine-induced USVs were recorded for 5 min using a condenser ultrasonic microphone (CM16/CMPA, Avisoft Bioacoustics, Germany, part #40011) connected to an ultrasound-recording interface (UltraSoundGate 116Hb, Avisoft Bioacoustics, part #41161/41162) suspended within the testing chamber. To measure locomotion and repetitive behavior during the testing period, locomotor activity was measured with automatic optical animal detection software (Fusion by Omnitech Electronics, Inc., Columbus, OH). Total distance and time spent in the center and surround regions, stereotypy time and episode count, vertical episode count, and clockwise and counter-clockwise rotations were recorded. A map consisting of a center region (20 cm by 20 cm) was imposed, and any activity beyond this area is considered to be time spent in the surround region. Stereotypy is typically observed during grooming and consists of an animal breaking the same beam (or set of beams) repeatedly in the open field apparatus. A break in stereotypy of 1 or more seconds distinguishes one stereotypic episode from the next. A vertical episode is considered anytime the mouse rears on their hind legs. Rotations are calculated anytime the mouse travels in a clockwise or counter-clockwise revolution in the open field. To prevent contamination of olfactory cues, between each trial any feces deposited by the mouse were removed and the chamber was cleaned with 30% isopropyl alcohol. Following each testing session, the paper was treated with Ninhydrin spray (Sigma-Aldrich, St. Louis, MO, USA) and left to develop for approximately 24 h before visual inspection of urine traces demarcated in purple. Scent marks were counted and analyzed as done previously by Arakawa et al. [34, 35] . All scent marks were outlined with blue pen and total scent marks were counted. In addition, number of scent marks within the 20 cm by 20 cm inner region surrounding the center female urine spot and in the area beyond this designated region were counted and totaled. The same center and surround parameters were utilized for open field activity and quantifying scent marks.
Odor discrimination task
Methods for this task were previously described in Arbuckle et al. [36] . A separate cohort of similarly aged adult male Fmr1 KO and WT mice were used in this task to assess basic olfactory sensory abilities. The first tube contained water, a neutral odor. Two non-social odors, almond and banana extract (100 μl each) were prepared fresh each day in a 1:100 dilution. The social odors were prepared on the morning of testing by swabbing the floor of a cage of mice that had not been cleaned for three days. Two different cages were used to create the two social odors. These odors were obtained from members of the same sex as the test subject (male). The test mouse was acclimated to a room other than the test room for 30 min. Each odor was presented for 1 min and was repeatedly presented 3 times to each test mouse. Sniffing behaviors were recorded on a stopwatch by a live observer. The intertrial interval was approximately 1 min.
Ultrasonic vocalization analysis
Spectral analyses of USV recordings were conducted using Avisoft SASLab Pro software. Avisoft SASLab Pro automatically detects ultrasonic calls via a threshold-based algorithm and programmed hold time mechanisms. To create spectrograms, fast Fourier transformations (FFT) were performed on all recording files with an FFT-length of 1024 points, time window overlap of 75% (100% Frame, Hamming Window), frequency resolution of 488 Hz, and a time resolution of 1 ms, as previously defined [17] . Each call was visually and manually identified by the experimenter using 1 of 10 distinct categories outlined in a call type classification scheme created by Scattoni et al. [17] . Categories of call types include 10 waveform patterns that are based on internal pitch changes, lengths, and shapes of individual calls. The call types are denoted as complex, harmonics, two-syllable, upward, downward, flat, chevron, short, composite, and frequency steps. Complex calls include those that contain one syllable with two or more directional changes in pitch that are each greater than 6.25 kHz. Harmonics are a single call that is similar to the complex type, with additional calls of varying frequencies surrounding the main call. Twosyllable calls contain one call that is either of flat or downward type and another punctuated call near the end. Upward-and downwardmodulated calls have a continuous increase or decrease in pitch that is greater than 12.5 kHz and end with a frequency at least 6.25 kHz more or less than the pitch in which the call began at. Flat calls have a consistent frequency across the duration of the call and short calls are punctuated and less than 5 ms in length. Chevron calls resemble an "inverted-U" shape and have a continuous increase in pitch that is greater than 12.5 kHz, followed by a decrease that is greater than 6.25 kHz. Composite calls contain two harmonically independent components that are emitted simultaneously. Lastly, frequency step calls are rapid frequency changes that appear as discontinuous "steps" on the spectrogram with no interruptions of time between calls.
Statistical analysis
Data was analyzed using GraphPad Prism 7 software (La Jolla, CA) or SPSS 21.0 (IBM, USA). For ultrasonic vocalization analysis, each individual call was treated as a statistical unit. Differences in acoustic and temporal parameters of USVs between groups were analyzed using a Pillai's Trace MANOVA and post hoc analyses included independent ttests to detect differences in the duration, mean peak frequency, mean entire fundamental frequency, and mean peak amplitude of specific call types. In cases in which the homogeneity of variance assumption was violated, nonparametric Mann-Whitney U tests were conducted. Spectral properties of call types were analyzed with a Pearson ChiSquare, along with z-tests to compare call type proportions between genotypes. Independent t-tests and nonparametric Mann-Whitney U tests were performed to examine differences in scent marks and activity levels between Fmr1 KO and WT mice in the open field task. A repeated measures ANOVA was used to examine the impact of genotype on the frequency and duration for each trial of the odor discrimination task. For all analyses a value of p < 0.05 was considered significant and data are expressed as the mean ± standard error of the mean (SEM).
Results
Ultrasonic vocalization (USV) recordings in response to female urine
Average number of USVs emitted
There was no difference between the mean number of calls emitted from the WT (n = 19) and Fmr1 KO (n = 18) mice (t [35] = 0.51, p = 0.61). As a result of 5 WT and 8 Fmr1 KO mice failing to produce ultrasonic vocalizations, they were taken out for all further USV analyses. Once removed, still no difference was detected in mean number of calls emitted by WT (n = 14) and Fmr1 KO (n = 10) mice (t[22] = 1.44, p = 0.16) (Fig. 1a) . Overall, the total number of calls for WT mice was 2208 and Fmr1 KO mice was 2625.
Acoustic and temporal characteristics of USVs
Analyses of acoustic and temporal characteristics of ultrasonic vocalizations revealed a significant MANOVA with genotype and call type as fixed factors and duration, mean peak frequency, mean fundamental frequency, and mean peak amplitude as dependent factors (F[4,4810] = 51.37, p < 0.001). There was a main effect of call type (F [36, 19252] = 101.38, p < 0.001). There was an interaction between genotype and call type (F [36, 19252] (Fig. 1b-e ). There were also main effects of call types when examining duration (F [9, 4813] 
Spectral properties of USVs
Since there were no differences in the number of calls emitted by
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Fmr1 KO and WT mice, we examined the spectral properties of ultrasonic vocalizations to determine specific call type differences. We first categorized the calls by assigning them to 10 different types of calls (complex, harmonics, two-syllable, upward, downward, flat, chevron, short, composite, frequency steps) [17] . We then performed a Pearson Chi-Square analysis to determine whether there were differences between the groups in terms of the types of calls that were produced by the WT and Fmr1 KO mice. (Fig. 2b) .
USV call type characteristics
To further analyze differences in specific call types emitted by Fmr1 KO and WT mice, independent t-tests and when necessary, nonparametric Mann-Whitney U tests, were used to examine duration, peak and fundamental frequency, and amplitude of each call type. The following calls were emitted by Fmr1 KO mice for a significantly shorter duration than WT mice: complex (U = 62722, p < 0.001); downward (U = 2177, p < 0. (Fig. 3a) .
The mean peak frequency, measuring the frequency of the highest peak of each vocalization, was significantly higher in Fmr1 KO mice for the following call types: complex (U = 39086, p < 0.001); harmonics (U = 2291, p < 0.01); two-syllable (U = 22, p < 0.001); upward (U = 223869, p < 0.001); downward (U = 1835, p < 0.001); chevron (U = 9119, p < 0.001); short (U = 40609, p < 0.001); frequency steps (U = 23527, p < 0.001); and flat calls (U = 1743, p < 0.01) (Fig. 3b) . The fundamental frequency, measuring the average frequency of each individual vocalization, was also higher in Fmr1 KO mice for the majority of call types: complex (U = 29152, p < 0. (Fig. 3c) . Compared to WT, Fmr1 KO mice vocalized at an overall lower amplitude when emitting complex (U = 60941, p < 0.001); downward (U = 2206, p < 0.001); chevron (t[390] = 4.18, p < 0.001); composite (U = 236, p = 0.01; frequency steps (U = 28047, p < 0.001); and flat calls (t[145] = 2.19, p < 0.01). However, the amplitude of short calls (U = 63204, p < 0.01) were significantly higher in KO mice (Fig. 3d) .
Scent marking in response to female urine
In response to female urine, we found no differences in scent marking between Fmr1 KO (n = 16) and WT (n = 19) mice during the 5 min testing period. Due to Ninhydrin spraying error, scent marking results from two Fmr1 KO mice were not included. Unpaired t-tests and nonparametric Mann-Whitney U tests revealed no differences in total scent marks (U = 109.5, p = 0.16), total scent marks in the surround region of the chamber (U = 107.5, p = 0.14), or center region (t [33] = 0.08, p = 0.93). There was also no difference in percent of scent marks in the surround area (t[33] = 1.53, p = 0.14).
To determine whether mice that did not emit any ultrasonic vocalizations affected scent marking behavior, we conducted the same analyses excluding these mice. We still found there to be no difference in total scent marks (U = 48, p = 0.60), scent marks in the surround region (U = 46.50, p = 0.54), or center region (t[20] = 1.27, p = 0.22) between Fmr1 KO (n = 8) and WT (n = 14) mice. There was also no difference in percent of scent marks in the surround region when excluding these mice (U = 29, p > 0.05). The mean and SEM for scent marking behavior of Fmr1 KO and WT mice are shown in Table 1 . Fig. 1 . Ultrasonic vocalizations (USVs) in adult male Fmr1 knockout (KO) and wildtype (WT) mice in response to female urine. There was no difference in average quantity of calls produced by Fmr1 KO (n = 10) and WT (n = 14) mice (a). Ultrasonic vocalizations emitted by KO mice were of significantly shorter duration (b) and had a higher fundamental frequency (c) and peak frequency (d). The average amplitude of vocalizations was significantly decreased in KO mice compared to WT controls (e). Data are presented as mean ± standard error of the mean (SEM), * p < 0.05.
Open field activity in response to female urine
There was no difference in total activity levels between Fmr1 KO (n = 18) and WT (n = 19) mice (t [35] = 0.28, p = 0.78). We also found no differences between Fmr1 KO and WT mice in measures examining repetitive behavior, including stereotypy time (t [35] To examine differences in duration and total distance in the center of the testing chamber compared to the surround area, separate independent t-tests were conducted for each location. Increased time in the surround area is often an indicator of increased anxiety [37] . For duration, we found no differences between Fmr1 KO and WT in the center area (t [35] 
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To determine whether mice that did produce any ultrasonic vocalizations affected activity levels in the open field task, we performed the same analyses excluding these mice. We found there to still be no difference in total activity levels between Fmr1 KO (n = 10) and WT (n = 14) mice (t [22] Table 2 . 
Odor discrimination task
To examine potential changes in habituation to social and nonsocial odors, a separate cohort of similarly aged Fmr1 WT (n = 12) and KO (n = 16) mice were tested in the odor discrimination task. Results indicated no impact of genotype on the duration spent sniffing all odors, (F[1,26] = 0.46, p = 0.50) (Fig. 4 ). There was a main effect of trial presentation (F [14, 
Discussion
In the present study we compared the number of ultrasonic vocalizations emitted per group, the spectral properties of the calls emitted, the impact of scent marking, and measured whether the mice had olfactory deficits. While there are many studies examining vocalization behavior in pups, there are limited studies exploring USVs in adult Fmr1 KO mice and it is not understood whether deficits present in early development continue into adulthood. We found Fmr1 KO mice to emit ultrasonic vocalizations of a higher frequency, decreased amplitude, and shorter duration than WT mice. Further, the repertoire of calls emitted by Fmr1 KO mice differed substantially from call types vocalized by WT mice, with Fmr1 KO mice having an increased number of complex, chevron, and flat calls, but a reduced amount of composite and frequency step calls. However, we did not find any differences in scent marking activity between Fmr1 KO and WT mice or in the ability of the subjects to habituate or dishabituate to social and non-social odors. Similarly, the average number of calls emitted was not different, suggesting that both groups displayed a similar amount of communicative behavior during the testing period.
An important property that many animal and human studies examining communication in autism has focused on is the frequency or pitch of ultrasonic vocalizations [38, 39, 16] . Our study found Fmr1 KO mice to vocalize at an overall higher average peak frequency and fundamental frequency than WT mice. While this acoustic parameter is often examined in mouse pups as well as in infant cries, our findings suggest it may also be a key indicator of altered ultrasonic vocalizations observed in adulthood. As a result of the high degree of conservation observed in neonatal crying among non-human species, many have used rodent pup USVs to further explore aspects of infant crying [40, 41] . Higher frequency cries in human infants are found to be more aversive, evoke states of uneasiness in caregivers, and negatively affect parental responses [38, 42] . Further, one study found the cries of normally developing children to decrease in pitch over the first two years of life, while infants with ASD continued to emit cries at a higher frequency that could negatively affect the infant-caregiver relationship that is critical to normal development [39] . Research investigating communication in those with FXS has focused mainly on conversational and pragmatic aspects of language development [13, 43] . Acoustic dimensions of speech, including pitch, have not been documented in adults with the syndrome. While the Fmr1 KO mouse exhibits face validity by paralleling many of the behavioral phenotypes of humans with FXS, the model would further demonstrate strong predictive validity if acoustic properties of speech early in life could predict communication deficits in adulthood [44] . Further investigation is necessary to determine whether higher frequency vocalizations observed in adult Fmr1 KO mice may represent a continuation of this deficit beyond early stages of development.
Interestingly, even though Fmr1 KO mice produced a higher number of complex, chevron, and flat calls, the overall duration of these call types was significantly lower in Fmr1 KO mice. A complex call contains only one syllable with two or more directional changes in pitch [17] . This overall increase in number, but decrease in duration of complex calls along with a significantly shorter duration of many other call types may be representative of the repetitive-like speech sounds often seen in FXS patients [7, 45] .
It is important to note that the shorter duration of calls in Fmr1 KO mice cannot be attributed to a difference in average number of calls emitted by both groups, as Fmr1 KO and WT mice produced an overall similar number of calls. A previous study that used a different mating paradigm to elicit calls from the males also found that Fmr1 KO mice emitted the same number of calls compared to the WT mice. In contrast to our findings they did not detect any differences in the average Fig. 4 . Odor discrimination task. There was no effect of genotype on the duration spent sniffing all odors for Fmr1 knockout (KO) (n = 16) and wildtype (WT) mice (n = 12), suggesting they habituate and dishabituate similarly to social and non-social odors. Data are presented as mean ± standard error of the mean (SEM).
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duration of USVs [20] . One other adult FXS USV study reported a significantly decreased amount of calls in Fmr1 KO mice [21] . One important difference in this study is that the USVs were recorded from the Fmr1 KO and WT mice during mating behavior. While it is possible that direct interaction with a female mouse may be more effective in eliciting vocalizations compared to female urine, presence of the female mouse may contribute to the total number of calls emitted. The use of female urine to elicit USVs in males ensures that the testing mouse is entirely responsible for the number of vocalizations detected [25] . Discrepancies in USV measures could be due to multiple factors, such as type of USV induction (i.e. urine-, mating-, isolation-induced), as well as type of mouse model, age, and background strain. The number of USVs may not be a key determinant in detecting communication deficits in FXS and other autism mouse models. Our results support recent findings suggesting call types and acoustic properties to be more representative of the atypical communication patterns observed in the syndrome [20, 23, 17] .
The neurobiological mechanism mediating USV production in rodents and how this relates to structural abnormalities seen in FXS patients is currently unknown. Furthermore, the underlying causes of perseveration in those with FXS has not been elucidated. One hypothesis suggests the tendency could be related to frontal lobe and executive dysfunction deficits, including a lack of inhibition [46, 47] . Without appropriate inhibition of responses, it can lead to repetition of words, thoughts, and utterances. Evidence of enlargement of the caudate nucleus, involved in executive function and inhibitory control, in FXS may reflect a lack of synaptic pruning leading to excessive neuronal activity without appropriate frontal inhibition, ultimately leading to perseveration [48] [49] [50] . Other neuroanatomical regions known to be altered in FXS include a decrease in size of the amygdala, posterior cerebellar vermis, and superior temporal gyrus [51, 52] . Similar neuroanatomical differences have been found in Fmr1 KO mice, however, findings have not been consistent in C57BL/6 and FVB background strains suggesting underlying gene-strain interactions that effect structural manifestations [53, 54] . More profound anatomical abnormalities that mimic those in FXS patients have been shown in the FVB strain that we used in our study, such as increases in white matter volume and changes in frontostriatal circuitry [55, 56] . Interestingly, the enlarged caudate nucleus often noted in FXS patients is contrasted in both C57BL/6 and FVB strains which have shown smaller striatum volumes in mice [57, 53] . Additional research is critical to understand how structural brain differences contribute to the communication deficits seen in FXS.
While we found numerous alterations in vocalization behavior in Fmr1 KO mice, we did not detect any significant differences in scent marking behavior, a form of social communication. Males may deposit scent marks in response to female urine for a variety of reasons, including to mark their territory, prevent potential mating competition, and to attract females [31] . An important control behavioral test that we included was the habitation/dishabituation odor test [36, 58] . The purpose of this test was to determine whether the Fmr1 KO and WT mice had impairments in odor discrimination. The ability to detect social and non-social odors is an important control when examining scent marking. We found that the mice habituated to each odor after repeated presentation and displayed dishabituation when presented with a novel odor or social odor. This pattern is important as it provides support that the mice can detect social odors. Inability to detect social odors would introduce a confounding variable into the ability of the mice to elicit scent markings.
We found no differences in overall activity levels and repetitive behavior in the open field task. This contradicts previous studies that have found Fmr1 KO mice to display hyperactivity and stereotypy behaviors similar to humans with the syndrome [59, 60] . Although we measured activity in the open field apparatus, the setting was comprised of Strathmore paper lining the bottom of the chamber and female urine in the center, thus creating an enriched, novel setting for the mice. We believe this novelty may alter the typical findings in hyperactivity commonly found in the Fmr1 KO mouse. It should be noted that locomotor and repetitive behaviors were not measured in previous vocalization studies in adult Fmr1 KO and WT mice [20, 21] . Further, with no detected differences in activity we can confirm that locomotion does not account for any of the observed alterations in vocalization behavior.
Communication impairments are one of the core behavioral deficits observed in Fragile X syndrome. Many areas of language development are known to be effected, including receptive, expressive, conversational, and repetitive language abilities [43] . Our results provide evidence that the adult Fmr1 KO mouse demonstrates significant abnormalities in vocalization behavior that are consistent with deficits seen in the syndrome, particularly in the domain of repetitive language. Fmr1 KO mice produced a similar amount of USVs compared to WT mice, however, many specific call types were of reduced duration. In addition, our results demonstrate the tendency of adult Fmr1 KO mice to emit calls of increased pitch, possibly inferring that acoustic alterations observed in early development also exist later in life. Taken together, these results corroborate previous studies using the Fmr1 KO mouse model to further characterize and examine USV deficits present in FXS. While many studies have examined this core behavioral impairment early in development, further research is needed to elucidate the neurobiological cause of the deficit and how these changes may persist into adulthood. Deficits in communication can negatively affect the lives of those with FXS in many ways, including socially and cognitively, thus gaining a better understanding of these abnormalities is critical for the development of future therapeutic interventions.
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